Clemson University

TigerPrints
All Theses

Theses

5-2022

An in vitro approach to identify sources of resistance to Fusarium
wilt caused by Fusarium oxysporum f. sp. vasinfectum race 4 in
domesticated cotton
Stephen Parris
sparri2@clemson.edu

Follow this and additional works at: https://tigerprints.clemson.edu/all_theses
Part of the Other Plant Sciences Commons, Plant Breeding and Genetics Commons, and the Plant
Pathology Commons

Recommended Citation
Parris, Stephen, "An in vitro approach to identify sources of resistance to Fusarium wilt caused by
Fusarium oxysporum f. sp. vasinfectum race 4 in domesticated cotton" (2022). All Theses. 3715.
https://tigerprints.clemson.edu/all_theses/3715

This Thesis is brought to you for free and open access by the Theses at TigerPrints. It has been accepted for
inclusion in All Theses by an authorized administrator of TigerPrints. For more information, please contact
kokeefe@clemson.edu.

AN IN VITRO APPROACH TO IDENTIFY SOURCES OF RESISTANCE TO
FUSARIUM WILT CAUSED BY FUSARIUM OXYSPORUM F. SP. VASINFECTUM
RACE 4 IN DOMESTICATED COTTON
A Thesis
Presented to
the Graduate School of
Clemson University
In Partial Fulfillment
of the Requirements for the Degree
Master of Science
Plant and Environmental Sciences

by
Stephen M. Parris
May 2022

Accepted by:
Dr. Christopher A. Saski, Committee Chair
Dr. Jeffrey W. Adelberg
Dr. Steven N. Jeffers
Dr. James M. Olvey

i

ABSTRACT
Cotton lint produced by the plants Gossypium barbadense L. (pima cotton) and
Gossypium hirsutum L. (upland cotton) is the world’s leading source of renewable
textiles. The fibers of the cotton plant have been woven so intricately into our society that
it would be hard to imagine life without their products. Cotton breeders must then not
only continue to work to improve the quality of cotton fibers (fineness, strength,
dyability, etc.) but also to improve the resilience of the plant against biotic and abiotic
factors. Fusarium oxysporum f. sp. vasinfectum race 4 (FOV4) is an aggressive fungal
pathogen, which causes Fusarium wilt, that presents a serious threat to cotton production
in the US. Fifteen years of genetic research on and breeding for FOV4 resistance in
upland cotton has failed to achieve meaningful results, nor deliver highly resistant upland
cotton lines with durable genetic resistance. In this thesis, I briefly discuss the history and
biology of the cotton plant, Fusarium wilts in cotton agriculture, and the development of
techniques for FOV4 pathogenicity screening. I then present a study on the development
and validation of an in vitro FOV4 co-culture screening tool that enables discreet studies
on host/pathogen interaction, allows for complete environmental control, and facilitates
rapid results. Lastly, I discuss how this research fits into advances in current FOV4
resistance breeding programs and the future research that can build on this study.
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CHAPTER 1
LITERATURE REVIEW
Cotton: Background information
Economic importance
Cotton, Gossypium spp. L., is one of the most economically important crops not
used for human or animal nutrition. Primarily grown for its elongated fibers attached to
the exterior of the seed coat, cotton is the largest source for renewable textiles worldwide
(Gross and Strasburg 2010). Between August 2019 and July 2020 almost 20 million bales
of cotton were produced in the United States, valued around $7 billion in raw materials
(Meyer 2019). Across the globe, there are two predominant species of cotton that are
widely cultivated for fiber production, Gossypium barbadense (pima cotton) and
Gossypium hirsutum (upland cotton); upland cotton represents 97% of the cotton
harvested in the US. Upland cotton is cultivated in 17 states across the southern border of
the US, from California to Virginia, in a region termed the “cotton belt” (Fig. 1.1) (Meyer
2019).
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Figure 1.1 Planted cotton acreage across the cotton belt in 2019 (USDA 2022).

Taxonomy
Cotton, Gossypium spp. is a dicotyledonous angiosperm that belongs to the
mallow family, Malvaceae, which has been taxonomically classified based on flower
morphology (Erarslan and Koçyiğit 2019; Wendel and Grover 2015)). A typical flower
in this family displays radial symmetry, a calyx of five sepals outside a corolla with five
petals, and stamens united in a columnar sheath around the styles and contains both
female and male reproductive organs (Fig 1.2) (Erarslan and Koçyiğit 2019). There are
currently over 50 recognized species of Gossypium worldwide; however, almost all
cultivated cotton is represented by only four species: two diploids, G. arboretum and G.
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herbaceum, and two tetraploids, G. barbadense and G. hirsutum (Wendel and Albert
1992).

Figure 1.2 Flower morphology of Gossypium hirsutum and G.
barbadense cottons (Chen et al. 2020).

Reproductive system
As a result of domestication, upland cotton has developed an annual life cycle,
meaning that it will grow from a seed and reach sexual maturity to develop a subsequent
generation of seeds in the same season (Chen et al. 2020). Wild cotton relatives are
generally larger, longer-living perennial plants that produce low or no cotton yield in
their first year (Viot 2019). This relatively short time between generations in
domesticated cotton is advantageous to breeders who need to develop recombinant inbred
lines (RILs) or who wish to introgress traits not currently found in their breeding
germplasm. In breeding programs that incorporate RILs, two distantly related parents are
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hybridized to produce F1 plants that are advanced to future generations by self-pollination
and single-seed descent to homozygosity for fine resolution mapping of specific traits
(Heifetz and Soller 2015). Plants with shorter life cycles yield results sooner than those
perennial plants with long reproductive cycles. In comparison to perennial plants such as
apples, it could take up to a decade to reach sexual maturity, resulting in long, expensive
processes to generate elite lines through conventional breeding techniques (Kumar and
Deng 2020).
Having both the stamens and the stigma fused into the same structure, which is
typical in the mallow family, naturally facilitates self-pollination, which can be an
advantageous mechanism to ensure reproduction. Domesticated cottons are considered
natural inbreeding/self-pollinating species. The repeated cycles of artificial selection
over domestication time has purged many deleterious recessive alleles from the genome,
which, in turn, allows for successful inbreeding (Morran et al. 2011). This physical
feature, however, complicates the breeding process when outcrossing is desired, creating
the need for flower emasculation, where the stamens are physically removed before
pollen dehiscence. Another technique that facilitates outcrossing is the development of a
male sterility system. This includes development of a parent with a mutation that results
in progeny that are male-sterile and do not successfully produce fertile male gametes,
allowing for outcrossing without the physical removal of stamens (Abbas et al.
2021). However, when using a male-sterile line, fertility must be restored to the offspring
through crossing with a restorer line (Tsunewaki 2003).
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Domestication
Plant domestication is a process that takes place over hundreds to thousands of
years and is a result of continuous cycles of human selection for traits that are beneficial
to human utility, resulting in radical genotypic and phenotypic changes in the plant
(Hancock 2005). There are many plant traits that are altered as a result of domestication
and these changes in traits from wild antecedents is referred to, in general, as
“domestication syndrome” (Allaby and Smith 2014). Some examples of common
domesticated traits includes smaller plant architecture, loss of photoperiod sensitivity,
lack of seed and fruit dehiscence, and alterations in seed size (Allaby and Smith 2014).
Many of these trait modifications lead to a crop that is easier for humans to grow, harvest,
and replant.
The two major cultivated species of cotton, pima and upland cottons, were both
domesticated around the same time in human history, 4,000-5,000 years ago, but in
different parts of the world (Gross and Strasburg 2010). Pima cotton was domesticated in
the Peruvian Andes while upland cotton was domesticated further north, on the Yucatán
Peninsula (Brubaker and Wendel 1994; Hancock 2005). Along with the domestication
syndrome-associated trait modifications, cotton has also been primarily selected for
altered and improved seed epidermal trichomes, aka fibers. Cotton fibers are single cell
extensions of the seed trichomes and have been selected to be longer, stronger, and finer
than those in the wild, undomesticated cottons (Gross and Strasburg 2010; Rapp et al.
2010). These modifications have allowed humans to spin the fibers into strong, durable,
and soft textiles that are used ubiquitously in human society.
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Cytogenetics and genomic resources
To date, at least 12 Gossypium species have been sequenced, and these genome
maps provide insights into the genetic variability and the directionality of chromosome
evolution within the genus. These 12 unique genomes include accessions that transect
representative genetic diversity of the allotetraploid cottons, upland cotton and pima
cotton (Chen et al. 2020; Huang et al. 2020; Li et al. 2015; Zhang et al. 2015) as well as
several diploid progenitors and representative allotetraploid wild species (Chen et al.
2020; Grover et al. 2021b, a; Huang et al. 2020; Li et al. 2014; Udall et al. 2019;
Wang et al. 2012b; Yang et al. 2021). These sequences provide physical locations of
genes and uncover genetic diversity that can be used as breeding tools for general cotton
crop improvement in breeding programs. Genomic resources—such as reference genome
sequences, measures of macro-/micro-synteny, and collinearity—provide geneticists and
molecular biologists with evolutionary insights and the tools to accelerate cotton
breeding.
The phenomenon called ‘Genetic Breakdown’ describes when the progeny of an
interspecific cross contains an overrepresentation of parental alleles and is observed when
breeders make interspecific crosses between G. hirsutum and G. barbadense (Jiang et al.
2000). Despite originating from the same Gossypium progenitors, large portions of their
genomes show no recombination in hybrids (Jiang et al. 2000). More recent sequencing
projects on G. barbadense and G. hirsutum have uncovered large inversions in genomic
regions between the two species, explaining the incompatibility of hybridization between
them at certain loci (Fig 1.3). This reality confounds wide-crosses and trait introgression
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between the two species, limiting recombination and the available traits (e.g., fiber
quality) that can be transferred between species for crop improvement (Jiang et al. 2000;
Yang et al. 2020; Zhu et al. 2011).

Figure 1.3 Genomic comparisons showing large scale inversions
between Gossypium barbadense and G. hirsutum chromosomes, A.
These inversions reduce the amount of genomic exchanges possible
between G. barbadense and G. hirsutum and result in interspecific
hybrids experiencing genetic breakdown during segregation, B
(Yang et al. 2020).
As part of the diversification in the genus Gossypium, chromosomal evolution
diverged among cotton species resulting in as much as a threefold difference in genome
sizes among some individual species (Hendrix and Stewart 2005). Because of this
divergent genomic evolution, taxonomists have described eight “genomic groups”
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associated with diploid Gossypium spp. (A, B, C, D, E, F, G, and K) and one genomic
group for the allopolyploids (AD) based on chromosomal similarity, chromosomal
pairing, and fertility of interspecific hybrids (Endrizzi et al. 1985; Stewart 1995).
Upland cotton, G. hirsutum, is an allotetraploid, containing four sets of
chromosomes arranged in two subgenomes, with each subgenome originating from a
separate progenitor species, one from genomic group D and the second from genomic
group A (Li et al. 2015). It is hypothesized that upland cotton progenitors underwent
individual chromosome doubling events (polyploidization and subsequent diploidization)
before an interspecific hybridization event that established the allotetraploid ancestor to
domesticated cottons (Chen et al. 2020). This polyploid genomic structure adds
complications when it comes to untangling and mapping individual traits for molecular
markers because of the high degree of subgenome similiarities (>80% sequence identity),
but it also allows for exciting potentials. With four sets of chromosomes, it is possible to
stack multiple desirable alleles that reside in different subgenomes and have synergistic
or additive effects on the trait of interest. The original merging of these two distinct AD
progenitor genomes is believed to have happened during a single event around 1 million
years ago that created a now extinct polyploid (Fig 1.4) (Chen et al. 2020; Ulloa et al.
2017; Zhang et al. 2015). At present, there are still-surviving extant diploid progenitor
species of cotton that are very closely related to the original upland cotton progenitors
that diverged from a common ancestor about 5 million years ago, Gossypium arboreum
and G. herbaceum for the A genome and G. raimondii for the D genome (Shan et al.
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2016; Ulloa et al. 2017). These species may prove to be of interest when searching for
new sources of germplasm for traits that could be used to improve elite cotton lines.

Figure 1.4 Divergence of domesticated polyploid cotton
lineages after the theorized polyploid hybridization
event around 1 million years ago (Chen et al. 2020).

Upland cotton has a total of 52 chromosomes, 2n = 52, with one set of 26 coming
from the A genome and another set of 26 coming from the D genome, which is a feature
common to all tetraploid cotton species carrying 52 chromosomes (Li et al. 2015; Ulloa
et al. 2017).
The upland cotton genome has been fully sequenced and contains over 74,500
protein coding genes, at least 32,000 residing in subgenome A and at least 34,000 in the
D subgenome (Chen et al. 2020; Li et al. 2015; Zhang et al. 2015). Despite having fewer
genes, the A subgenome, with 1,477 Mb (megabases), is about twice the physical size of
the D subgenome, with 831 Mb (Zhang et al. 2015). This size difference between the two
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subgenomes can be visually observed by karyotyping and shows that A chromosomes are
larger than those of the D subgenome—mexcept for one, chromosome A04, which is
smaller than it’s D counterpart (Shan et al. 2016). This size difference between the
subgenomes is similar to the size difference between the A and D subgenome progenitor
diploids, whose size discrepancy can partially be attributed to a greater expansion of
transposable elements (TEs) in G. arboretum (Li et al. 2015; Wang et al. 2012a).
Transposable elements are named for their ability to change their physical
location in the genome (in a cut-and-paste or copy-and-paste fashion), affecting the
expression of many genes and evolutionary trajectory of a species. TE families that are in
high abundance and activity in the genome are often a signature of genome plasticity that
can drive gene family evolution (Kazazian 2004). Studying TE variability between the
two subgenomes in G. hirsutum can provide insights into domestication and how
evolutionary forces shaped genome structures(Mei et al. 2021; Renny-Byfield et al.
2015).
Fusarium oxysporum: Background information
Fusarium oxysporum is a commonly occurring, asexual, filamentous fungus in the
phylum Ascomycota and is characterized by its production of non-septate microconidia
on short monophialides, septate macroconidia on branched conidiophores, and thickwalled chlamydospores (Fig 1.5) (Fourie et al. 2011).
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Figure 1.5 Fusarium oxysporum spore types: Microconidia, A,
macroconidia, B, and chlamydospores, C (Okungbowa and Shittu).
Taxonomy
Fusarium L. is a genus of fungus whose taxonomy has been a source of
controversy due to evolving classification systems since its establishment in 1809 by the
German naturalist Johann Heinrich Friedrich Link. Early Fusarium taxonomists relied on
broad characterizations based on physical features like the fusiform (i.e., banana or
canoe) shape of asexual spores and presence or absence of chlamydospores to group
similar individuals into distinct species (Nelson et al. 1994). Eventually, more precise
taxonomic criteria were recognized with the development of molecular and genetic
strategies, leading to the identification and establishment of many unique species (Baayen
et al. 2000; Kistler 1997; Taylor et al. 2000). At one point the genus Fusarium was
recognized to have over 1,000 species and forms (Nelson et al. 1994). However, today
there are only around 300 recognized distinct species of Fusarium, which include the

11

causal agents of some of the most economically destructive diseases in agriculture (Aoki
et al. 2014).
Fusarium oxysporum Schlecht is the most common species of Fusarium in
agriculture and is referred to as a species complex, having a vast distribution across
different environments and hosts (Bell et al. 2019). F. oxysporum is further divided into
more than 100 formae speciales (abbreviated f. sp.), or specialized forms, based on their
pathogenic competence on a narrow range of host plants (Edel-Hermann and Lecomte
2019; Skovgaard et al. 2001). Fusarium oxysporum f. sp. vasinfectum (FOV) specifically
infects Gossypium spp. and typically invades susceptible cotton plants through wounds
created on the root surface (Skovgaard et al. 2001). However, since classifying this
organism as forma speciales vasinfectum, FOV has been shown to also infect and cause
disease symptoms on non-cotton plants—including alfalfa, tobacco, peppers, cowpea,
and lupine—and can infect a larger variety of hosts without causing disease symptoms
(Armstrong and Armstrong 1960; Charudarran and Kalyanasundaram 1966; Smith and
Snyder 1975).
FOV has differential virulence across the different species of cotton, resulting in a
further level of classification into races, where eight races have been identified in FOV
based on virulence assays and genetic markers (Armstrong and Armstrong 1960;
Skovgaard et al. 2001). These races represent distinct biotypes that differ in modes of
action of infection, disease symptom development, and overall virulence (Edel-Hermann
and Lecomte 2019). The specific race of Fusarium oxysporum f. sp. vasinfectum of
interest in this work is FOV race 4 (FOV4); presently considered the no. 1 disease threat
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to upland cotton. Race specificity is important when breeding for resistance to a specific
pathogen because similar plants with slightly different genotypes can react differently to
each race (Edel-Hermann and Lecomte 2019).
FOV4 infection course
Fusarium wilt of cotton, the disease caused by FOV, is a widespread,
economically devastating disease and is common in most areas dominated by cotton
agriculture (Kim et al. 2005). FOV is a soilborne fungus and typically requires a wound
site to gain entry into a host plant. Often this wound is generated by a nematode which
creates a Fusarium-nematode complex—two pathogens working together to attack plants
more effectively (Armstrong and Armstrong 1960). However, experiments have indicated
that with a high enough inoculum density in soil, FOV4 can enter the roots in the absence
of nematode-generated wounds (Smith 1953).
After gaining entry past the epidermal cells of the root, FOV4 hyphae navigate the
apoplast and move through the cortex towards the central vascular bundle, ultimately

Figure 1.6 Gossypium barbadense ‘S-7’ root crossections displaying progression of Fusarium
oxysporum f. sp. vasinfectum race 4 hyphae through root cells towards the vascular system at 2
hours post infection, a, 2 days post infection (dpi), b, 3dpi, c, and 5dpi, d (Zhu et al. 2022).
gaining access to xylem vessels (Fig 1.6) (Zhu et al. 2022). Once in the xylem, FOV4
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hyphae begin to produce spores, macro- and microconidia, which can pass through xylem
perforation plates and vessel end-walls to spread to and colonize distal regions of the host
plant (Harrison and Beckman 1982). When factors favor the pathogen, the susceptible
cotton host plant ultimately dies as a result of vascular occlusion from the build-up of
fungal mass. FOV also produces phytotoxic compounds that can lead to defoliation and
apoptosis of xylem cells, compounding the xylem occlusion. These compounds result in
a characteristic dark staining of the vascular system, which is used as an identifying
symptom of FOV infection (Smith 1953). However, if the cotton host is able to withstand
infection from FOV and produces seeds, FOV spores are able to travel into developing
seeds, which can lead to FOV dispersal if those seeds are sown in a non-infested field
(Bennett et al. 2008).
Fusarium wilt symptoms
Symptoms of Fusarium wilt can vary with inoculum density, planting date,
biotype virulence, and stage of plant development (Davis et al. 2006; Garber et al. 1979;
Jeffers and Roberts 1993; Smith 1953). Seedlings that germinate in the presence of FOV
spores can die before emergence or rapidly after, with the symptoms often being
confused for damping-off diseases (Davis et al. 2006). Seedlings that do not die as a
result of infection can show other symptoms such as cotyledon drop, leaf chlorosis and
necrosis, and overall plant wilting (Kim et al. 2005). Older plants that become infected
with FOV display similar symptoms as infected seedlings—e.g., wilting, leaf chlorosis
and necrosis—but can also become noticeably stunted and have severe vascular staining
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(Fig 1.7) – a typical signature of FOV infection (Bhandari et al. 2020). Stand symptoms
of FOV typically start as small, discrete holes, circular zones of missing plant stands that

Figure 1.7 Crossection of Gossypium hirsutum stem
displaying severe late-season vascular discoloration as a
symptom of Fusarium wilt caused by Fusarium
oxysporum f. sp. vasinfectum race 4.
get larger year after year, and, if the infested field is furrow irrigated, the stand symptoms
begin to show on plants down the rows in the direction of water flow (Fig 1.8) (Davis et
al. 2006).
Fusarium wilt in the United States
Fusarium wilt caused by FOV was first described in the US in 1892 in cotton
fields in Alabama (Atkinson 1892). Since this first report, Fusarium wilt of cotton has
been described in all cotton producing countries in the world—including Egypt, India,
Sudan, Israel, Brazil, Australia, and China—and in all four domesticated cotton species
(Armstrong and Armstrong 1978; Armstrong and Armstrong 1960; Dishon and Nevo
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1970; Fahmy 1927; Ibrahim 1966; Kochman 1995; Kulkarni 1934; Qiying et al.
1985). The first races of FOV identified in California associated with

Figure 1.8 Aerial view of a cotton field showing stand symptoms of
Fusarium wilt. Furrow-irrigated rows spread the pathogen with the
movement of water, as is visible by the linear pattern to stand loss in this
field (Davis et al. 2006).
Fusarium wilt of cotton were races 1 and 2, and isolates of these two races typically were
present in nematode-infested sandy soils (Bell et al. 1984; Garber et al. 1979; Ridgeway
et al. 1984). In 1979, Garber et al. noted a strong positive association between symptom
severity and increased density of FOV inoculum in cotton fields; however, they noted no
symptoms in fields absent of nematode populations, even in the presence of FOV.
Additionally, cotton lines developed for resistance to root-knot nematodes (RKN)
generally displayed low-to-no symptoms when challenged by a complex of FOV1 and
RKN (Heald and Orr 1984; Sasser 1972).
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FOV races 1, 2, 3, 4, and 8 were all confirmed in the US in the early 2000s, with
race 4 showing the highest potential for severe economic damage (Kim et al. 2005). The
San Joaquin Valley (SJV) of California was historically the area of greatest cotton
production in the US, but it has since experienced a dramatic reduction in cotton field
area due to FOV infestations, forcing farmers to abandon whole fields (Davis et al. 2006;
Hutmacher et al. 2011; Kim et al. 2005). In the time between 2000 and 2020, pima
cotton production acreage in California increased 13.7%, as a result of FOV4 resistance
breeding in this pima cotton host plant species (USDA 2020). However, in this same time
frame, upland cotton production acreage decreased from 775,000 to 40,000 acres, a 95%
reduction. At the 2021 Beltwide Cotton Conference, Bayer scientists reported from a 3year study that “lint yield losses from moderate to high levels of FOV4 pressure exceeded
50% in upland trials” (David W Albers 2021).
Breeding for FOV resistance
Initial breeding efforts to develop resistance to Fusarium wilt caused by FOV4
focused on pima cotton cultivars in the early 2000s. This focus was due to the San
Joaquin Valley being the first area of dense cotton production in the US that experienced
FOV4 infestations and was a region dominated by pima cotton production. Resulting
from these efforts were a variety of pima cotton cultivars with high levels of resistance to
FOV4, along with desirable fiber yield and quality, developed in both the private and
public sectors (Ulloa et al. 2016; Ulloa et al. 2009). There are currently FOV4 resistant
pima cotton cultivars available from private seed companies as well as publicly available
germplasm with varying levels of reported FOV4 resistance that can be used as breeding
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lines (Hutmacher et al. 2013). This FOV4 resistant pima cotton germplasm provides
farmers with the ability to grow pima cotton in areas infested with FOV4 that previously
they may have been forced to abandon.
Since FOV4 was identified in California in 2001, this deadly pathogen has
continued to spread eastward across the US cotton belt and was reported in Texas in 2017
and New Mexico in 2019 (Halpern et al. 2018; Holmes et al. 2009; Kim et al. 2005;
Zhang et al. 2020a; Zhu et al. 2020). This spread has carried FOV4 into the largest
upland cotton producing region of the US, El Paso, TX, where it now threatens the
sustainability of the upland cotton crop in the US. Due to the genetic breakdown between
upland and pima cotton hybrids, efforts to introgress FOV4 resistance traits from pima
cotton into upland cotton through traditional crossing have not yielded successful results.
In recent years, cotton breeders have extensively screened the germplasm of G.
hirsutum (over 10,000 genotypes) to identify selections potentially resistant to FOV4 that
may already exist in local collections (Hutmacher et al. 2013; Ulloa et al. 2020; Zhang
et al. 2020c). However, despite these large screening efforts, only a few FOV4 resistant
upland cotton lines have been reported in the literature (Zhang 2020; Zhang et al.
2020b). As of December 2021, only one upland cotton cultivar with high levels of FOV4
resistance has been publicly released; however, it has undesirable fiber yield with poor
agronomic performance, which makes it useful for FOV4 breeding objectives but not for
production (J. Olvey, personal communication).
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FOV4 screening techniques
Phenotyping plants for their susceptibility or resistance profiles to biotic
pathogens is difficult, time consuming, and subjective depending on the testing process.
Methods and protocols developed to screen Gossypium spp. germplasm for resistance to
Fusarium wilt caused by Fusarium oxysporum f. sp. vasinfectum race 4 can broadly be
grouped into one of two categories: Controlled-environment screens and field screens.
Field screens appear superficially to be the most logical technique to screen germplasm
for pathogen resistance because they utilize the growing environment in which the plants
will ultimately be cultivated. However, despite this logic and practicality, there are many
complications when considering a field screening program to assess resistance to a fungal
pathogen like FOV4. For one, presence of the pathogen throughout the field in sufficient
and even density and distribution is required to produce a consistent disease response.
Screening environments
FOV4 cotton screening field programs will initially grow highly susceptible
cultivars of cotton in a test site for multiple consecutive years, tilling the infected plant
material into the soil at the end of each season to increase the FOV4 inoculum density in
the field. Once there is sufficient density of the pathogen in the soil at the screening site,
the distribution of the pathogen throughout the field remains variable to the extent where
identical germplasm can display widely different disease responses in a trial (Davis et
al.). Attempts to overcome this variation in inoculum density in the soil of a field site
have included blocking and increasing numbers of replications to statistically account for
uncontrollable field variation and performing phenotype analysis in the same fields over

19

multiple years (Zhang et al. 2020b; Zhang et al. 2022). Field-based programs also are
subject to changes of seasons, unpredictable weather patterns, and non-uniform field
conditions that all work to complicate FOV4 resistance screening in a natural setting. A
field virulence screen also lacks the control to limit other soilborne plant pathogens,
which can complicate Fusarium wilt symptom expression and lead to a high level of
experimental error. For these reasons, field screens typically involve multiple years,
locations, and replications to evaluate susceptibility of specific genotypes to FOV4.
Controlled environment screens to assess resistance to FOV4 typically have been
conducted in greenhouses; however, growth chambers also have been used to a lesser
extent and can provide better control over the growing environmental conditions than a
greenhouse. Additionally, in-vitro and other lab-based, soilless assay techniques are
beginning to be explored and employed in FOV4 resistance screening. The facilities used
in these screens provide high levels of environmental control and can allow experiments
to be performed year-round, without the restrictions imposed by a specific season.
Temperature, airflow, irrigation, light duration/intensity, and fertilizer can be set to
specific parameters by the researchers and can be evenly applied to every plant in the
trial, thus reducing experimental error.
Inoculation techniques
Programs screening for FOV4 resistance in cotton fields must work to ensure the
FOV4 soil population is high enough to achieve sufficient inoculum density to challenge
the cotton host plants but not so high as to overwhelm the plants. This approach is
generally applied to the whole field and conducted in the off-season but requires no
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further maintenance during the screening trial. FOV4 primarily survives in the field as
soilborne chlamydospores, which typically germinate in the presence of exudates from
the roots of a host plant. When a root grows close enough to a dormant spore, the spore
germinates and begins the infection process.
In contrast, programs utilizing controlled/indoor environments must apply FOV4
inoculum to each experimental unit (pot or container), so this provides researchers with
the ability to deliver a standardized amount of FOV4 inoculum to each plant in the trial
and to control when the infection process initiates. This control of the parameters around
the disease cycle can become a burden in addition to a boon. Considerations regarding
potting medium composition, inoculum delivery methods, and time of inoculation can all
influence the Fusarium wilt disease cycle and must be optimized for the desired analysis
and immutability of results.
Fusarium wilt symptom severity has been shown to be variable based on
temperature, amount of inoculum applied, physiological age of the host, and inoculation
technique (Becerra Lopez-Lavalle et al. 2012; Bell et al. 2017; Hao et al. 2009; Shilpi
et al. 2016; Zhang et al. 2020c; Zhang et al. 2021). Variation in these parameters results
in significant changes in disease symptom progression and severity and should be
understood and accounted for when designing a controlled environment FOV4 screen.
The in vitro system presented in the following chapter seeks to reduce the environmental
variance that confounds efforts to breed for resistance to FOV4, and should be a useful
tool in combination with previously described techniques.
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Abstract
Fusarium oxysporum f. sp. vasinfectum race 4 (FOV4) is a devastating fungus
pathogen that causes Fusarium wilt in both domesticated cotton species, Gossypium
hirsutum (upland) and G. barbadense (pima). Greenhouse and field-based pathogenicity
assays can be a challenge due to non-uniform inoculum levels, the presence of
endophytes, and varying environmental factors. Therefore, an in vitro co-culture system
was designed to support the growth of both domesticated cotton species and FOV4 using
an inert polyphenolic foam substrate with a liquid medium. A Fusarium wilt-susceptible
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pima cotton cultivar, G. barbadense ‘GB1031’, a highly resistant pima cotton cultivar, G.
barbadense ‘DP348RF’, and a susceptible upland cotton cultivar, G. hirsutum ‘TM-1’,
were evaluated for 30 days during co-culture with FOV4 in this foam-based system.
Thirty days after inoculation, disease symptoms were more severe in both the susceptible
cultivars, which displayed higher percentages of foliar damage, and greater plant
mortality, than observed in ‘DP348RF’, the resistant pima cotton cultivar. This foambased in vitro system may be useful for screening cotton germplasm for resistance to a
variety of fungus pathogens and to facilitate the study of biotic interactions in
domesticated cotton species under controlled environmental conditions.

Introduction
Plant cell and tissue culture techniques have evolved since the early twentieth
century as essential tools for basic and applied plant research. In vitro techniques are
now fundamental to plant genome transformation, production of pathogen-free plants,
multiplication of rare plant genotypes, and the production of plant-derived, biologically
active compounds and metabolites (Altpeter et al. 2016; Debnath et al. 2006; EspinosaLeal et al. 2018). These techniques could be utilized as new experimental systems that
are still needed to study major plant diseases. One such disease is Fusarium wilt in
cotton, which affects nearly all cotton growing regions of the world (Cianchetta et al.
2015).
Fusarium oxysporum f. sp. vasinfectum (FOV) is a soil-inhabiting fungus and the
causal agent of Fusarium wilt of cotton in many Gossypium species (Atkinson 1892).
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FOV colonizes the roots and vascular system of susceptible cotton cultivars and causes
wilting, which, in the most severe cases, can lead to the death of the host plant (Davis et
al. 2006). There are seven races of FOV—1, 2, 3, 4, 6, 7, and 8—known to affect cotton
worldwide, and most races require the presence of plant pathogenic nematodes to create
wounds for the fungus to enter the host plant (Armstrong and Armstrong 1960; Garber et
al. 1979). Severity of symptoms varies depending on pathogen genotype, inoculum
density, cotton cultivar, and plant age (Cianchetta et al. 2015; Hao et al. 2009);
symptoms include vascular discoloration, leaf wilting, tissue necrosis, plant stunting, and
death—especially at the seedling stage.
FOV race 4 (FOV4) was originally discovered in India in 1960 (Armstrong and
Armstrong 1960), but it was not detected in the United States until 2001 when it was
found in California (Kim et al. 2005; Skovgaard et al. 2001). Since its introduction,
FOV4 has spread eastward as far as Texas (Halpern et al. 2018). FOV4 is a highly
virulent and aggressive pathogen that can survive long periods of time in the soil without
a cotton host because it produces thick-walled chlamydospores and can persist as a
saprophyte on decaying organic matter (Smith and Snyder 1975). Unlike most of the
other FOV genotypes, race 4 isolates are able to infect cotton roots directly, so wounds
from nematodes are not needed to enter the host plant; therefore, FOV4 is considered a
primary disease threat to cotton production worldwide (Kim et al. 2005).
Few genetic studies on resistance in upland cotton to FOV4 have been reported
(Abdelraheem et al. 2019; Puckhaber et al. 2018; Ulloa et al. 2013, Zhang et al. 2020).
In the closely related pima cotton species, studies have shown FOV4 resistance appears
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to be a polygenic trait produced by effects from a combination of several major genes and
many small-effect QTLs distributed throughout the genome (Ulloa et al. 2013; Wang et
al. 2018). Phenotypic assays and measurements for FOV4 disease symptoms range from
simple to complex and include assessment of plant death, boll load, leaf chlorosis,
necrotic lesions, and vascular staining (Kim et al. 2005). Evaluating resistance to FOV4
in the field can be a challenging, laborious, and time-consuming process.
Typical field-based disease screening for soil pathogens requires high replication
and multiple checks over many years of data collection. Field screenings are also subject
to variable environmental factors that can significantly influence the progression of
disease symptoms, such as non-uniform distribution of FOV4 spores within the field.
Inoculum density can greatly change the host response to infection (Hao et al. 2009), and
in vitro pathogenicity assays can provide the control and standardization needed to make
direct comparisons between multiple genotypes. In vitro systems allow for better control
over environmental conditions—e.g., light, moisture, and temperature—that, when
coupled with aseptic technique to limit extraneous microflora, present popular options to
study plant responses to abiotic and biotic stresses with high resolution techniques, e.g.
RNAseq, where environmental perturbations influence gene expression.
However, roots grown in vitro can develop abnormal morphology when compared
to roots grown in situ—including swollen cortical cells and abnormal vascular formation
in Cercis spp. plants grown in an agar medium (Hartman et al. 2018). The use of a
porous, polyphenolic foam as a rooting and structural substrate instead of semi-solid agar
has helped address the issues leading to poor developmental root morphology with in
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vitro culture of woody plants like cotton, as seen in previous research with plants in the
genera Hydrangea (Adelberg et al. 2015), Corylus (Nicholson et al. 2020), and Prunus
(Adelberg et al. 2021). Recently, Adelberg et al. (2021) used a phenolic foam substrate in
a co-culture system, challenging various Prunus spp. with Armillaria mellea to screen for
resistance to Armillaria root rot, successfully validating a putatively resistant genotype.
The use of this phenolic foam-based in vitro co-culture system may aid in the
identification of resistance traits in select germplasm when studying the infection process
and pathogenicity by facilitating healthier root development. In this research, we
developed a scalable, in vitro co-culture system that uses a phenolic foam resin capable
of supporting the growth of both FOV4 and Gossypium spp. and validated the use of this
system to rapidly screen for differential responses to FOV4 in field-verified checks.
Materials and methods
Preparation of culture vessels using a foam substrate. Our in vitro co-culture
system used sterile plastic vessels with a volume of 750 ml that were 10.8 cm long × 9.0
cm wide × 9.9 cm tall (RV-750; Oasis Grower Solutions, Kent, OH). Vessels contained
blocks of Oasis Horticubes® (Oasis Grower Solutions), which provided a rigid foam
rooting substrate. Horticubes come as foam sheets in various dimensions. For our system,
we used medium sheets (3.81 cm tall) that contained 162 cubes/sheet; each cube
measured 2.22 cm × 2.22 cm and contained a center hole where a seed or seedling could
be placed. Before use, sheets were leached four times with distilled water, and then sheets
were separated into individual blocks of 3 × 3 cubes. One block was placed in each
vessel, and vessels were autoclaved at 121°C for 15 min. After vessels had cooled to

35

room temperature (20 to 25°C), 60 ml of half-strength Murashige and Skoog basal
medium (MS; Murashige and Skoog 1962), with 2% w/v sucrose and the pH adjusted to
6.2 (using 1N NaOH), was added aseptically to each vessel. Vessels were sealed with
PVC sealing film (Product no. A003; Phytotech Laboratories, Shawnee Mission, KS) and
placed in the dark at room temperature. Production of RV-750 vessels is currently
paused, but vessels that offer a similar volume with ventilation options are available from
other sources (e.g., Microbox containers; Sac O2, Deinze, Belgium).
Plant culture initiation. Delinted seeds of FOV4-resistant G. barbadense
‘DP348RF’ were provided by Dr. Jim Olvey (O&A Enterprises, Maricopa, AZ), and
delinted seeds of susceptible cultivars, G. barbadense ‘GB1031’ and G. hirsutum ‘TM1’, were provided by GRIN-USDA. Seeds were disinfested and placed into culture
vessels following the method outlined by Wen et al. (2020). Briefly, in a laminar flow
cabinet, seeds were dewaxed with 70% EtOH, disinfested with 15% bleach (The Clorox
Co., Oakland, CA), washed four times with sterile-deionized water, and transferred to
CultureJar™ vessels (Phytotech Laboratories) containing 40 ml of MS with 1.5% w/v
sucrose and solidified with 2.6 g/liter Phytagel™ (Sigma-Aldrich Co, Burlington, MA).
Vessels were placed on the top shelf of a grow-rack with 1.5 µM/m2/s ambient light and
at 30°C. After 3 days, the vessels were moved to a shelf receiving 120 µM/m2/s light with
a 16-h photoperiod and 25°C for 4 days.
One week following initiation, clean, healthy-growing seedlings were selected for
the experiments and four seedlings were transferred to each RV-750 vessel containing a
nine-cube foam block. Each plant was placed in the corner-most cubes in a block with
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empty cubes between individual plants. The vessels were sealed with PVC film with the
ventilation window fully open and then placed on the grow racks under 120 µM/m2/s
light intensity with a 16-h photoperiod and at 25°C. Two weeks after transferring the
plants to culture vessels, the remaining liquid medium was removed, and 40 ml of a
modified MS liquid medium was added to each vessel. This formulation used a 1×
concentration of MS basal salts (Murashige and Skoog 1962) supplemented with: 1 g/ml
of MgCl-6H20, 100 mg/liter of myoinositol, 10 mg/liter of thiamine HCl, 1 mg/liter of
pyridoxamine, 1 mg/liter of nicotinic acid, 2 mg/liter of L-glycine, 1 g/liter of glutamine,
0.5 g/liter of asparagine, and 1.5% w/v of sucrose; the pH was again adjusted to 6.2 using
1N NaOH.
Histology. Plants for histological analysis of roots grown in the foam substrate
were produced following the same steps in the above section. Plants selected for agarsubstrate analysis were, after 7 days on germination medium, transferred to vessels
containing the same medium components as the foam vessels, supplemented with 2.6g/L
Phytagel. Roots were harvested and prepared for histology following the methods
described by Adelberg et al. (2021). Briefly, this process involved collecting roots into a
formalin-based tissue-fixing solution, processing and embedding the roots into paraffin
molds, creating cross-sections with a microtome, mounting the sections on glass
microscope slides and staining with propidium iodide. Stained sections then were
visualized with a confocal microscope using laser excitation.
Pathogen maintenance and preparation of inoculum. FOV4 isolate 89-1A was
originally obtained from Tulare Co., CA, and was used in all studies. This isolate was
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obtained under a USDA-APHIS-PPQ 526 Permit (no. P526P-19-02179) issued to Dr. C.
Saski. The isolate was maintained as a stock suspension of conidia in 15% glycerol and
stored at -80°C. FOV4 cultures were grown in petri plates containing half-strength potato
dextrose broth (Becton, Dickinson and Company, Sparks, MD) solidified with 16 g/liter
Bacto Agar (Becton, Dickinson, and Company). Plates were sealed with Parafilm “M”®
laboratory film (Bemis Company, Inc, Neenah, WI) and placed in the dark at 28°C for 2
weeks. To make a conidium suspension for inoculum, 5 ml of autoclaved, nano pure
water was added to a 2-week-old culture, and a sterilized stainless-steel rod was used to
dislodge conidia from the mycelium by gently rubbing the agar surface. Suspensions
from two plates were decanted into a 15-ml centrifuge tube, and the composite
suspension was quantified using a hemacytometer and a compound microscope (100200×). The suspension was diluted to a standard density of 2.5 × 106 conidia/ml.
Co-culture establishment and disease development. Plants were inoculated 2
weeks after transferring to the culture vessels by pipetting 200 µl of conidium suspension
to the base of each plant in a vessel—to simulate the soilborne nature of this pathogen.
Four replicate vessels of each cultivar were arbitrarily selected for inoculation, and each
plant in a vessel was inoculated individually. Four other vessels of each cultivar were left
as non-inoculated controls, and plants in these vessels were each treated with 200 µl of
de-ionized water. All vessels were sealed with PVC film and placed back onto shelves on
the grow-racks under 120 µM/m2/s light intensity with a 16-h photoperiod and at 25°C.
Disease development was monitored daily for 30 days by visually evaluating
foliage symptoms on each plant in a vessel. Symptom severity was scored as a percentage
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of foliage with symptoms of wilting, chlorosis, and then necrosis. The foliage symptom
severity value for each vessel was calculated as the mean of the percentages for the four
plants in that vessel. These values were plotted over time to create a disease progress
curve for each cultivar, and the trapezoidal rule was used to calculate area under the
disease progress curve (AUDPC) (Shaner and Finney 1977).
Experimental design and statistical analyses. Two trials of this experiment
were conducted. For each trial, three cultivars were used with eight vessels per cultivar
and four plants per vessel. The two treatments, inoculated and non-inoculated, were each
applied to four vessels per cultivar. AUDPC values were calculated in the statistical
software R (ver. 4.0.3), using the agricolae package (Mendiburu 2020). Data were
analyzed by two-way analysis of variance (ANOVA) with cultivar and trial as main
effects, and cultivars were compared by one-way ANOVA with post-hoc analysis by
Tukey’s HSD (α = 0.05) using JMP Pro statistical software (ver. 14). The two trials in
this study were combined for analysis because there was no significant cultivar × trial
interaction and no significant difference between trials (Table 1). None of the noninoculated control plants of the three cultivars displayed foliage symptoms in either trial
and, therefore, were not included in statistical analyses and the results.
Results
Plants of all three cotton cultivars—‘DP348RF’, ‘GB1031’, and ‘TM-1’—grew
well in RV-750 vessels using a modified Murashige and Skoog medium and Oasis
Horticubes® phenolic foam rooting substrate and did not show any foliar symptoms prior
to inoculation with FOV4 (Fig. 1). When comparing roots grown in agar medium to
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those grown in the phenolic foam, a distinct difference in xylem and cortical cell
morphology was observed (Fig. 2). Xylem vessels in roots grown in foam (Fig. 2B) were
arranged in discrete vascular bundles in a pentarchal arrangement and appeared to be
more tightly organized whereas the xylem vessels in roots grown in anoxic agar medium
(Fig. 2A) were not in distinct bundles.
Co-culturing FOV4 with each of the three cotton cultivars in the aseptic in vitro
system was successful. Signs of fungus growth and establishment (i.e., white mycelia
were visible on the foam cubes in which roots were growing) in the co-culture vessels
occurred within 72 h of applying FOV4 inoculum to the plants (Fig. 3). Fungus mycelia
were visible on the surface of all foam cubes, localized around the base of each plant, for
every inoculated vessel. The first symptoms of Fusarium wilt were observed on the
foliage, on average, 11 days after inoculation (DAI) on ‘TM-1’ plants, 13 DAI on
‘GB1031’ plants, and 17 DAI on the resistant ‘DP348RF’ plants, disease progressed
much more slowly on the resistant cultivar (Fig. 4). The AUDPC value for the resistant
‘DP348RF’ plants was significantly less than those for the two susceptible cultivars,
which were similar (Fig. 5). These symptoms developed as interveinal chlorosis of the
leaves, progressing to necrotic lesions, and ultimately to plant death in the two
susceptible cultivars. Thirty days after inoculation with FOV4 conidia, most plants of
both susceptible cultivars, ‘GB1031’ (27/32 plants) and ‘TM-1’ (26/32 plants), were
dead; however, no ‘DP348RF’ plants died during the trials and only 25% of the foliage,
on average, displayed disease symptoms (Fig. 6).
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Discussion
This study developed and validated an in vitro co-culture system that supported
the growth of plants in three cultivars of the two species of domesticated cotton—one
cultivar of upland cotton (G. hirsutum) and two cultivars of pima cotton (G.
barbadense)—and FOV4, a virulent race of the pathogen that causes Fusarium wilt of
cotton.
The aseptic system, which used an inert rigid foam rooting substrate, Oasis
Horticubes®, in a rigid polycarbonate box with a membrane filtered vent facilitated
healthy cotton growth, including more representative root morphology when compared to
the morphology of roots grown in an agar-based system. In previous studies comparing
cellular morphology between roots developed in foam versus agar (Adelberg et al. 2015,
2017, 2021; Hartman et al. 2018; Nicholson et al. 2020), the xylem and cortical cells
displayed in the foam-developed roots appeared more organized and had a more rigid
structure compared to the xylem and cortex of the agar-developed roots. Adelberg et al.
2020 showed compelling morphological differences in Prunus roots grown in foam
versus agar substrate which suggests the same may be true for other woody dicot species
such as cotton. This was validated when we observed similar differences in the cellular
organization of cotton roots grown in agar versus foam. These differences may have an
influence on the progression of the infection course as the fusarium navigates to the
vascular system through the root cortex, however further studies are needed to confirm
this.
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The discrete xylem bundles in a pentarchal arrangement displayed in the foamdeveloped roots are typical in cotton and many terrestrial plants (Foster et al. 1974;
McMichael et al. 1985). The same distinction of xylem vessel arrangement was observed
in recent studies involving plants in the genus Prunus; the Prunus spp. plant roots that
developed in a foam substrate formed the distinct pentarchal arrangement of xylem
vessels that was again lacking in the agar-grown roots (Adelberg et al. 2021).This in vitro
system also allowed for the differential progression of Fusarium wilt when susceptible
plants and resistant plants were inoculated with a FOV4 conidium suspension. The results
presented in this study indicate that this co-culture system may prove useful for
dissecting host-pathogen interactions and evaluating FOV4 resistance in other cotton
cultivars. To test the robustness and efficiency of the in vitro system as an FOV4
screening tool for domesticated cottons, we challenged known highly resistant and
susceptible cultivars over a time course. The susceptible pima and upland cultivars,
‘GB1031’ and ‘TM-1’, respectively, displayed Fusarium wilt symptoms 2 weeks after
inoculation, and symptoms progressed rapidly, advancing to complete death in most
plants in less than 5 weeks. The resistant G. barbadense cultivar, ‘DP348RF’, reacted as
expected and presented minimal foliage symptoms during the 30-day period of co-culture
with FOV4, with no plants dying. Foliage symptoms developed sooner and were more
severe in the FOV4 susceptible cultivars than in the resistant cultivar using this in vitro
co-culture system. These results suggest this co-culture system can facilitate rapid
differential susceptible and resistant responses to FOV4 in Gossypium spp.
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The total assay time of 7 to 8 weeks, from seed initiation to final symptom
evaluation, demonstrates the value of this in vitro co-culture system as a tool to aid in the
identification of resistance traits in cultivated cotton germplasm collections. Timing is
considered a critical factor for germplasm evaluation in cropping systems; for example, it
can take two years or more using field-based assays to test cotton genotypes for
resistance to FOV4 (Sanogo and Zhang 2016). Aside from a reduction in screening time,
in vitro systems offer complete control over inoculum density, ability to isolate the
interaction to host and pathogen, uniform light, temperature, and water. However, these
advantages come with tradeoffs such as the need for specialized equipment and
experienced technicians in sterile culture which may not be readily available in every
program.
The search for durable genetic host resistance to FOV4 in upland cotton has
remained an insurmountable challenge over the last two decades. Using an in vitro coculture system with a phenolic foam substrate to support the growth of plants of selected
domesticated cotton cultivars and facilitate differential disease responses to the Fusarium
wilt pathogen FOV4 presents a platform to potentially accelerate the discovery of alleles
associated with resistance or tolerance to FOV4 and other cotton pathogens.
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Table 2.1. Analysis of variance table for the effects of three cultivars of Gossypium
species on foliage symptom severity from infection by Fusarium oxysporum f. sp.
vasinfectum race 4 In vitro in two trials.
Effect

df

F ratio

P value

Cultivar

2

103.4245

<0.0001

Trial

1

3.9523

0.0622

Cultivar × Trial

2

0.6213

0.5484
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Figure 2.1. Plants of three cultivars of Gossypium species growing in tissue culture 35
days after transferring to Oasis Horticubes® showing healthy growth of foliage: A,
Gossypium barbadense ‘DP348RF; B, G. barbadense ‘GB1031’; and C, G. hirsutum
‘TM-1’.
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Figure 2.2. Cross sections of roots of Gossypium barbadense ‘GB1031’ plants grown in
agar, A, and in phenolic foam, B, with four tissue types annotated: epidermis, ep, cortex,
c, endodermis, en, and xylem, x.
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Figure 2.3. White mycelium (arrow) of Fusarium oxysporum f. sp. vasinfectum race 4
(FOV4) growing on phenolic foam near the root zone of a Gossypium barbadense
‘GB1031’ plant 72 h after applying a suspension of FOV4 conidia.
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Figure 2.4. Disease progress curves for plants of three cotton cultivars (Gossypium
barbadense ‘DP348RF’, G. barbadense ‘GB1031’, and G. hirsutum ‘TM-1’) growing in
tissue culture vessels for 30 days after inoculation with a conidium suspension of
Fusarium oxysporum f. sp. vasinfectum race 4. Disease was assessed as percentage of
foliage showing symptoms of chlorosis, wilting, and necrosis. Each value is the mean of
eight replicates per cultivar; there were four replicate vessels in each of two trials with
four plants in each vessel. Data from the trials were combined for analysis. The shaded
ribbon behind each line represents the standard error for each cultivar.
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Figure 2.5. Mean area under the disease progress curve (AUDPC) for plants of three
cotton cultivars (Gossypium barbadense ‘DP348RF’, G. barbadense ‘GB1031’, and G.
hirsutum ‘TM-1’) growing in tissue culture vessels for 30 days after inoculation with
conidia of Fusarium oxysporum f. sp. vasinfectum race 4. Disease was assessed every
five days as percentage of the foliage in a vessel showing symptoms of chlorosis, wilting,
and necrosis. Each value is the mean of eight replicates per cultivar; there were four
replicate vessels, each containing four plants, in each of two trials. Data from the trials
were combined for analysis. Letters above the bars show mean separation based on a oneway analysis of variance and Tukey’s HSD (P = 0.05).
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Figure. 2.6. Foliage symptoms on plants of three cotton cultivars growing in tissue
culture vessels at 15, 20, 25, and 30 days after inoculation (DAI) with conidia of
Fusarium oxysporum f. sp. vasinfectum race 4: A, Gossypium barbadense ‘DP348RF’; B,
G. barbadense ‘GB1031’; and C, G. hirsutum ‘TM-1’.
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CHAPTER 3
CONCLUSIONS AND FUTURE DIRECTIONS
The goal of this research was to develop a useful platform to facilitate the rapid
evaluation and identication of sources of resistance to Fusarium wilt caused by Fusarium
oxysporum f. sp. vasinfectum race 4 (FOV4). This platform can also be used as a research
tool to collect both visual and ‘omic data to investigate the infection court in a completely
controlled environment. Prior FOV4 breeding and screening work has usually been
staged in either cotton fields or greenhouses, and this research adds an in vitro technique
to these strategies. The use of an inert-polyphenolic foam substrate in ventilated vessels
and an aseptic environment allowed us to culture cotton plants free of external
microorganisms and allowed the plants to produce roots with improved morphology
compared to traditional agar substrates. Using a highly resistant pima cultivar, highly
susceptible pima and upland cotton cultivars, and a virulent FOV4 isolate, we validated
the capacity of this in vitro assay to support differential responses to FOV4 infection.
Results were produced within one month, which is faster than season-long, multi-year
studies necessitated by field screenings.
This study used only one highly virulent FOV4 isolate, 89-1A, as the pathogen in
the assay. Current genetic studies on FOV4 indicate there is genetic and virulence
variability among FOV4 isolates. In future virulence assays with this in vitro tool, it will
be beneficial to use a collection of diverse FOV4 isolates as inoculum when challenging
cotton host plants. A mixture of isolates will be more representative of the field
environment, where fields are not infested with a single isolate. Using an FOV4 isolate
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mixture will also ensure that identified host resistance represents resistance to the mixture
of FOV4 isolates and not just a single isolate, so the resistance will more likely be more
reliable and durable from field to field.
This study evaluated the disease response to FOV4 in three cotton cultivars, two
pima cottons and one upland cotton. Since the publication of our manuscript introducing
the in vitro tool for FOV4 screening, we have evaluated the disease responses in six more
upland cotton cultivars all reported to have resistance to FOV4. Each cultivar grew well
in the absence of FOV4; however five of the six lines displayed highly susceptible
disease responses when challenged with FOV4 isolate 89-1A, while one appeared highly
resistant (Appendix 1, Fig. A1.1). These results corroborated what was observed when
these six cultivars were challenged in a heavily infested cotton field in El Paso, TX
(unpublished data).
Having an established and effective in vitro tool for dissecting host-pathogen
responses will be useful for systems-scale ‘omics analyses including metabolomics,
proteomics, transcriptomics, and others. Isolating RNA from pooled root samples of
infected plants to generate gene expression profiles underlying the induced resistance
responses in the host plant will remove unwanted experimental error when the host and
pathogen are grown in well-controlled environments, absent pressures from other
organisms. Such a transcriptome could uncover the genes and biochemical pathways
involved in the resistance response to FOV4 in pima cotton, generating a list of candidate
genes for further characterization. Host resistance to FOV4 in cotton can also be further
investigated by incorporating high resolution microscopy, like scanning electron
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microscopy (SEM), to visualize the infection court and identify specific cell-types and
specialized structures that either aid the pathogen in infection or the host in resistance.
This can then provide targets for more precise analysis using strategies, such as singlecell RNA-sequencing that dissects genetic responses on a tissue-specific level, to
understand how different tissue types play a role in the host signaling and resistance
response to infection with FOV4. Single cell RNA-sequnecing can also allow for a more
precise analysis of the effectors secreted by FOV4 within each host tissue type and the
specific host responses to these pathogen effectors. Further, genetic modification of
FOV4 isolates can be employed to develop diagnostic tools for deeper understanding of
the host-pathogen interaction. For example, a FOV4 isolate expressing a florescent
protein can illuminate how the pathogen colonizes and progresses through the host tissues
throughout the infection process without the need for complicated histology or
differential staining processes.
Discrepancies have been noted in field trials among different cotton breeding
programs screening for resistance to FOV4, in part due to a lack of a standardized
screening protocol. Cultural and environmental factors such as field preparation, planting
date, phenotyping date, pathogen variability, and field inoculum density are confounding
factors when evaluating cotton cultivars for resistance to FOV4. The lack of uniformity in
field inoculum pressure and isolate identity may be a critical factor in the discrepancy
between breeding programs. Incorporating statistical modeling could prove useful for
developing a standardized screening protocol leading to results that are more comparable
among programs. Employing the geostatistical technique of statistical interpolation to
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model pathogen inoculum density and distribution within a screening field can result in
more accurate disease response evaluations by providing an inoculum-load-adjusted
phenotype score. This can empower breeders to control more environmental variability
and produce a more accurate assessment of host plant resistance or susceptibility to a
field pathogen. Adopting a technique to account for the pathogen inoculum load in a field
and the distribution of the pathogen can lead to screening results that are more
reproducible from field to field.
Biparental populations should also be utilized in mapping studies to identify the
genetic loci associated with FOV4 resistance in domesticated cottons. Populations
created through the hybridization of a highly resistant inbred cotton cultivar and a highly
susceptible inbred cotton cultivar that are then advanced through self-pollination and
single-seed descent over multiple generations will allow for the identification of QTLs
responsible for resistance and susceptible responses. This study would provide breeders
with high-quality molecular markers associated with FOV4 resistance for use in their
breeding programs, allowing for the development of durable resistant cultivars without a
need for large field screens and rigorous phenotyping that are complicated by variable
field environments.
It is at the intersection of diverse scientific disciplines where new developments
are made, incorporating molecular techniques into a field breeding program can provide
an avenue for such developments which can protect the future of cotton production
around the world.
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APPENDICES
Appendix I. Results (Fig. A1.1) from challenging six putatively resistant upland cotton
(Gossypium hirsutum) cultivars with FOV4 (Fusarium oxysporum f. sp. vasinfectum race
4) isolate 89-1A. SA genotypes were accessed from the USDA-ARS GRIN germplasm
collection and are referenced using their names given in the database. U1 genotype was
provided by Dr. Jim Olvey.
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Figure A1.1. Disease progress curve showing progression of Fusarium wilt symptoms
when six additional Gossypium hirsutum genotypes were challenged in vitro with a 1×106
conidia/ml inoculum suspension of Fusarium oxysporum f. sp. vasinfectum race 4 using
the materials and methods described in Chapter 2. Disease severity was scored 1-10
based on percentage of foliage displaying disease symptoms, 1 = 1-10%, 2 = 11-20%, …
10 = 91%-100% of leaf surface symptomatic.
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